Several studies have demonstrated high levels of sequence conservation in noncoding DNA compared between two species (e.g., human and mouse), and interpreted this conservation as evidence for functional constraints. If this interpretation is correct, it suggests the existence of a hidden class of abundant regulatory elements. However, much of the noncoding sequence conserved between two species may result from chance or from small-scale heterogeneity in mutation rates. Stronger inferences are expected from sequence comparisons using more than two taxa, and by testing for spatial patterns of conservation in addition to primary sequence similarity. We used a Bayesian local alignment method to compare approximately 10 kb of intron sequence from nine genes in a pairwise manner between human, whale, and seal to test whether the degree and pattern of conservation is consistent with neutral divergence. Comparison of the three sets of conserved gapless pairwise blocks revealed the following patterns: The proportion of identical intron nucleotides averaged 47% in pairwise comparisons and 28% across the three taxa. Proportions of conserved sequence were similar in unique sequence and general mammalian repetitive elements. We simulated sequence evolution under a neutral model using published estimates of substitution rate heterogeneity for noncoding DNA and found pairwise identity at 33% and three-taxon identity at 16% of nucleotide sites. Spatial patterns of primary sequence conservation were also nonrandomly distributed within introns. Overall, segments of intron sequence closer to flanking exons were significantly more conserved than interior intron sequence. This level of intron sequence conservation is above that expected by chance and strongly suggests that intron sequences are playing a larger functional role in gene regulation than previously realized.
Introduction
Many fewer genes have been found in the human genome than was anticipated. This apparent lack of genomic complexity might be explained in part by a high frequency of alternative splicing (Croft et al. 2000) , but it also suggests that other gene regulatory mechanisms may be more diverse or elaborate than currently recognized. The dominant paradigm for eukaryotic gene regulation involves binding of transcription factors at cis-enhancer sequences, many of which are near the 59 end of genes (Lewin 1997) . However, our view of regulatory mechanisms may be limited by the low capacity for experimental methods to discover dispersed transcription factor binding sites or sequence domains with novel regulatory functions. The genome sequences now available make noncoding sequence comparisons across taxa a potentially rapid method for discovering functional constraints related to gene regulation.
Twenty-five percent of the human genome consists of introns, transcribed noncoding spacer sequences interleaved between amino acid coding exons within genes (Venter et al. 2001) . Transcription qualitatively distinguishes introns from other noncoding sequences in the genome, but among transcripts, introns are also quantitatively abundant. On average in humans, 95% of the primary transcript length consists of intron RNA that is subsequently spliced out (Venter et al. 2001) . If transcription is a prerequisite for certain kinds of regulatory function such as trans-acting RNA modifiers, then the abundance of introns make them a likely source of these transcripts (Mattick and Gagen 2001) . To date, however, the only general patterns of sequence constraint documented for introns occur in small terminal splice junctions and 39 end branch sites (Mount 1982; Lewin 1997) , facultatively coding intron sequence in genes that are alternatively spliced, and the first (furthest 59) intron of genes (Venter et al. 2001) . Early analyses of intron sequence evolution suggested that, on average, introns evolve at comparable rates to pseudogenes and synonymous sites in coding sequences, sites where selective forces are believed to be absent or very low (Hughes and Yeager 1997; Li 1997) . Assumptions of intron neutrality based on these generalizations have motivated increased use of intron variation for historical analyses (Palumbi 1996; Friesen 2000; Chen and Li 2001; Hare 2001) .
Rapid progress on the genomic sequencing of model taxa and recent improvement of sequence alignment algorithms have made it possible to make large-scale comparisons of homologous intron sequences between distantly related pairs of taxa (Drosophila spp.: Bergman and Kreitman 2001; human/mouse: Wasserman et al. 2000; Jareborg, Birney, and Durbin 1999; Levy, Hannenhalli, and Workman 2001; Dermitzakis et al. 2002; Caenorhabditis spp.: Shabalina and Kondrashov 1999) . Using a variety of alignment methods, these studies have found 12% to 28% of intron sequence to be highly conserved. Conserved blocks of noncoding sequence are presumed to reflect functional constraints when the comparison involves species so divergent that random nucleotide substitutions and insertion/deletion (indel) events should have erased most sequence similarity under a neutral model of evolution (Jareborg, Birney, and Durbin 1999) . Human and mouse, for example, have diverged for 80 Myr (Kumar and Hedges 1998) . Given a substitution rate of 0.0037 substitutions per site per Myr (Li 1997) , neutral sequence divergence of 60% between human and mouse is expected (40% without correction for multiple hits), close to the 75% divergence expected for nonhomologous sequences.
Known transcription factor (TF) binding sites were shown to be overrepresented in conserved blocks of human/mouse intron sequence (Levy, Hannenhalli, and Workman 2001) , and this ability of sequence comparisons to reveal conserved binding sites has been called ''phylogenetic footprinting'' (Tagle et al. 1988 ). However, even in well-studied genes, known TF binding sites represent a small proportion of the noncoding sequence conserved between human and mouse (Wasserman et al. 2000) , implying the existence of many additional TF binding sites, the presence of novel regulatory features, or chance stretches of sequence similarity. Exploring the extent and pattern of noncoding sequence conservation and testing it against null models of neutral evolution is a critical step toward understanding the functional role these sequences play, if any, beyond TF binding.
There are several sources of potential ambiguity in the results from noncoding sequence comparisons. First, the observed level and pattern of conservation can be sensitive to the alignment methods used (Bergman and Krietman 2001) . Second, any process that generates substitution rate heterogeneity among nucleotide sites, such as mutational ''cold spots,'' can produce blocks of conserved sequence across large divergence times (Clark 2001) . Finally, the proportion of sequence blocks conserved by chance will be greater with comparison of less divergent sequences (Duret and Bucher 1997) .
Comparison of both more divergent sequences and more taxa can strengthen inferences of functional constraint from sequence conservation. In the example above, for example, the binomial probability of human-mouse identity (0.60) across 20 bases is 3:7 3 10 ÿ5 . If a third independent lineage is included in the comparison, the probability falls to almost 10 ÿ9 . Inferences of functional constraint are also strengthened when there is conservation of secondary sequence features such as spacing between conserved blocks of sequence (Ludwig et al. 2000; Kim 2001; Webb et al. 2002) or RNA folding free energy (Stephan and Kirby 1993; Kirby, Muse, and Stephan 1995; Leicht et al. 1995; Clark, Leicht, and Muse 1996) .
Unfortunately, lineage-specific indel events in noncoding sequences generally prohibit useful multiple sequence alignments across large divergence times. Previous efforts to test for noncoding sequence constraints among three taxa have been based on multiple pairwise alignments using mismatch and gap penalty parameters (Dubchak et al. 2000; Dermitzakis et al. 2002) . Here, we apply a powerful Bayesian alignment algorithm to generate and compare local gapless pairwise alignments of intron sequences from three species representing different mammalian orders. We show striking patterns of sequence conservation and conserved block spacing over and above random expectations, even assuming a moderate level of nucleotide substitution rate heterogeneity. The extent and distribution of this intron sequence conservation strongly suggests that these introns harbor novel functional domains that are likely to play a role in the regulation of gene expression.
Methods
One intron or partial intron from each of nine genes was sequenced from a balaenid whale and a phocid seal. Genes and introns were haphazardly selected based on favorable polymerase chain reaction (PCR) results with conserved primers (Lyons et al. 1997 ) and favoring introns . 500 base pairs (bp) long. At each locus, 50 to 150 bp of flanking exon was sequenced in addition to the intron to help confirm orthology across taxa. Both strands of PCR products were either sequenced directly or after cloning. At least three clones were sequenced to control for taq misincorporation errors. The data from four genes included a complete intron sequence whereas introns from the remaining genes were missing a central or end portion of the intron ( fig. 1) . Sequences lacking the middle portion of the intron (HEXB, CD40L, CAMK IV) were analyzed as separate 59 and 39 loci for a total of 12 loci from 9 genes. Whale or seal sequences were Blasted (Altschul et al. 1997) to retrieve the orthologous human sequence. Whales, seals, and humans represent divergent orders of placental mammals that diverged from each other 80 to 90 million years ago (Kumar and Hedges 1998) Sankoff (1972) which, instead of constraining the local alignment optimization with a gap penalty term, seeks gapless alignment blocks with at most kÿ1 interblock intervals. An alignment produced by this algorithm consists of a series of gapless blocks interspersed with interblock intervals that may have dissimilar sequence or may be missing homologous sequence in one or the other taxon. The default BBA implementation of this algorithm uses a PAM1 DNA similarity matrix and an uninformed prior distribution for k (k 20), meaning that any number of conserved blocks less than 20 is considered equally likely. A recursive sampling of the many possible alignments in proportion to their exact joint posterior probability is used to calculate the probability that any given base in sequence one is aligned with a particular base in sequence two (Zhu, Liu, and Lawrence 1998) . The PAM1 matrix defines an expectation of one nucleotide difference every 100 bp with transitions three times more common than transversions. This matrix imposes a conservative bias toward short blocks with high sequence similarity that is justified to minimize the potential for false positives under the Bayesian procedure (Zhu, Liu, and Lawrence 1998) .
One of the benefits of this Bayesian alignment procedure is that the marginal posterior probabilities associated with each base reflect the uncertainty in k, the total number of conserved blocks. However, defining block boundaries based on the posterior probabilities is somewhat arbitrary. The default block definition implemented in the BBA is to start at the marginal posterior probability maximum (P max ) and expand the block to each side until a position is reached whose marginal posterior probability is , 0.25(P max ). This procedure is repeated for the remaining P max until k blocks have been defined. In practice, this generated some very short blocks (3-8 bp) at some loci. To be conservative, we only analyzed blocks with P max 0.5. The shortest such block was 7 bp.
All pairwise sequence alignments were colinear, that is, blocks were sequential in nucleotide position for each taxon and were nonoverlapping. However, using the human sequence as a positional reference for comparing the H/W, H/S, and S/W pairwise results (e.g., fig. 2 ), nontransitive conflicts occurred when, for example, the same segment of seal sequence aligned with two positionally different segments in whale and human. The noncolinearity produced by these conflicts in the threetaxon comparison was corrected by removing whichever conflicting block had a lower P max or by trimming a block if the conflict involved 4 bp. Less than 1% of the aligned sequence was removed for this reason.
For pairwise comparisons, the proportion of intron nucleotides within conserved blocks and identity between the two species was calculated for each locus relative to the total intron length analyzed for each species. To measure three-taxon conservation, segments of sequence where all three pairwise comparisons had positionally coincident gapless blocks were analyzed as three-taxon blocks ( fig. 2 ). The number of nucleotides in three-taxon blocks and the number of identical nucleotides in those blocks were used to calculate proportions relative to the total length of analyzed human sequence. These comparisons and calculations were done using Microsoft Excel. The human-specific alu element was subtracted from the CAMK sequence length before calculating the proportion of conserved sequence.
Neutral sequence evolution without insertions or deletions was simulated for 1,000 bp using the HKY substitution model (Hasegawa, Kishino, and Yano 1985) assuming 0.0037 substitutions per site per MY, transition/ transversion ratio ¼ 2:0, 80 Myr divergence, and 39% GC content (empirical average for the 12 loci examined here) (Seq-Gen version 1.04, Rambaut and Grassly 1997) . Gamma-distributed substitution rate heterogeneity among sites was incorporated in some simulations.
Results
Intron sequence lengths collected from whale and seal ranged from 342 to 1,507 bp per gene for a total of FIG. 1.-Three-taxon comparison of conserved gapless blocks in introns from nine genes. For each gene, the extent of significant whale/seal, whale/human and seal/human (from top to bottom, respectively) pairwise gapless sequence blocks is shown as black bars positioned horizontally according to the human intron sequence numbering shown at the top. Vertical gray bars represent exons, and boxes delimit the intron sequence that was analyzed. ACTA2 has an alternatively spliced segment that is shaded. Double slashes indicate a large unanalyzed region out of scale with the numbering. Striped bars under boxes represent the position and extent of GMRE and alu repeats at each locus.
8,088 bp in whale and 8,650 bp in seal (GenBank accession numbers AY196798 to AY196819). Orthologous human intron sequence analyzed had a total sequence length of 9,120 bp (table 1) .
Overall, 163 three-taxon blocks were identified (e.g., fig. 2 ) containing a total of 2,978 bp. These conserved blocks accounted for 34% of the total human sequence (SD across genes ¼ 15). Slightly less intron sequence was in conserved blocks and showed identity across the three species (28 6 12%). In other words, the BBA identified highly conserved blocks within which only 14% of nucleotides differed among species on average (SD across genes ¼ 5). Using three-taxon block sequences to calculate Kimura 2-parameter distances between each pair of species showed no significant differences in substitution rate. The median length of gapless three-taxon blocks was 17 bp (table 2) . Median block lengths were smaller than the mean in the skewed block length distributions ( fig. 3 ).
For comparison to previous studies comparing two species, the proportion of sequence in two-taxon blocks and showing identity, averaged across taxa with different amounts of total intron sequence, was 28%-66% per locus (grand mean ¼ 47%, SD ¼ 13; table 1). The median block lengths for the two-taxon comparisons, 22 to 27 bp (table 2), were significantly larger than for three-taxon blocks (nonparametric median test, P , 0:0001).
The proportion of nucleotides contained in threetaxon blocks did not differ significantly among taxa but showed significant heterogeneity among the twelve loci (analysis of variance [ANOVA] F ¼ 20:7, P , 0:0001). The heterogeneity among loci was not correlated with either GC content or total intron size in humans (Spearman, P . 0:05; table 1), but was correlated with intron position (P 0.05). In addition, the mean GC content of three-taxon blocks across genes was not significantly different than for the total sequence analyzed (paired t-test, P . 0:5).
Simulations
We simulated sequence evolution along one kb of DNA to test whether the observed extent of intron sequence conservation is consistent with a simple pattern of neutral evolution. The model of evolution was parameterized using empirical averages and did not include insertions or deletions. After applying a homogeneous rate of substitution among sites to simulate the divergence of three sequences from a common ancestor, BBA analysis revealed only one three-taxon block 18 nucleotides long (0.02% of total length), far below the observed level of intron sequence conservation. Because mutational processes can produce substitution rate heterogeneity and increase the number and extent of conserved blocks, we also simulated neutral evolution with a level of substitution rate heterogeneity estimated previously for vertebrate noncoding DNA (gamma shape parameter of 2.0, Lum et al. 2000) . A total of 10 three-taxon blocks (16% of total sequence length) resulted from BBA analysis, with a mean block length of 46 bp (range 8 to 109 bp). The three pairwise comparisons showed 26% to 33% of simulated sequence in conserved blocks. Thus, the total amount of sequence conservation produced by this simulation was roughly half that observed between human, whale, and seal.
Spatial Patterns of Conservation
We tested for spatial patterns in the degree of sequence conservation by calculating a conservation index at each nucleotide site across the three pairwise alignments. At each site the index ranged from 0 to 6, depending on (1) whether the site was part of a gapless block and (2) whether the site was identical for each of the three two-taxon comparisons. For six of nine genes where we have sufficient data, there was no significant difference in levels of conservation between 330 bp at the 39 and 59 intron ends (paired t-test, P . 0:05). We then combined data from the 39 and 59 ends, as well as from the 59 end of ACTA2 (the 39 end is alternatively spliced). In these combined data, the 165-bp intron edge segments were significantly more conserved than the adjacent interior 165-bp segments (paired t-test, two-tailed P ¼ 0:04). Although there was a great deal of scatter, the conservation index scores decreased with increasing distance from the closest exon (fig. 4) . Linearity of the function could not be rejected (P . 0:25; Zar 1984, p. 278) , and the linear function was significant even though conservation varied considerably among loci (P ¼ 0:02, r 2 ¼ 0:04, n ¼ 124). Another spatial feature of blocks is their distance from one another-the interblock interval. Interblock interval lengths might vary between taxa because of insertion and deletion events, or they might be constrained by selection if the relative spacing of conserved blocks is important for function. In two-taxon comparisons, after excluding interblocks where one species had contiguous blocks (the other had a unique insertion), there was a total of 429 pairwise interblock intervals. Of these, 103 (24%) were identical in length between the two species. In threetaxon comparisons, 27 out of 147 interblock intervals (18%) had identical length in all three taxa. In every comparison the distribution of interblock intervals was approximately lognormal (Kolmogorov-Smirnov P . 0:05) with a mean greater than the median. To try to pinpoint interblock intervals with less variation across taxa than average, we plotted mean interblock interval length among taxa against the standard deviation of those lengths ( fig. 5 ). As expected, the standard deviation generally increased for longer interblock intervals.
Conservation of interblock intervals was most pronounced along the abscissa, where moderately long interblock lengths showed relatively low standard deviations across taxa. While a model of indel evolution is required to generate a priori expectations for the degree of interblock interval conservation expected by chance, the pattern observed in human/seal comparisons ( fig. 5a , open points) suggests ad hoc criteria defining potentially constrained interblock intervals. Three-taxon comparisons with mean interblock length among taxa . 40 bp and SD , 5 are highlighted as open points in figure 5b and described in table 3. Most of the highlighted points in figure 5a and b correspond to the same sequence segments. Conservation of interblock length is particularly pronounced in two genes, ACTA2 and FGG, with four and five conserved interblock intervals, respectively. Most shorter interblock intervals also were conserved in these genes.
Genomic Uniqueness of Conserved Blocks
It is standard practice to mask repetitive elements prior to sequence comparison so that they do not cause spurious alignments, and because these elements are perceived as ''junk'' pseudogene DNA. Our alignment and comparison methods are not disrupted by the presence of repetitive elements, so we aligned sequences without masking known elements and retrospectively analyzed the pattern and degree of sequence conservation within and outside of general mammalian repetitive elements (GMREs). When GMREs are found at the same locus in multiple mammalian orders (orthology), they most likely stem from an element radiation that predated the mammalian radiation (Smit and Riggs 1995; Gilbert and Labuda 1999) .
To identify known repetitive elements in the intron sequences we used RepeatMasker (version 07/16/2000 using the ''other mammal'' subgroup of Repbase version 03/30/2000). In the intron sequences we analyzed, this search identified 30 interspersed repeats (SINEs, LINEs, and MaLR elements), 12 simple or low complexity repeats, and one tRNA. For the purpose of calculating the proportion of conserved sequence, GMREs found in only one species by RepeatMasker were considered present at orthologous positions in other species if a conserved block was found within any part of the element by the BBA. The total length of all interspersed repetitive elements was 1,910 bp, and that of orthologous GMREs was 1,527 bp, 20% and 16% of the analyzed human intron sequence length, respectively ( fig. 1 ). Interspersed repeats found in only one species included one Alu element in human ( fig. 1) , one MAR1-SINE and one tRNA in seal, and one bovine-specific SINE element in whale. Among the five loci that contained GMREs, two results indicate that the level of conservation was similar in GMREs and the surrounding unique sequence. The proportion of threetaxon identities contained within repetitive elements ranged from 10% to 56% per locus, and was correlated with the total proportion of GMRE nucleotide sites at each locus (Spearman r ¼ 0:90, P ¼ 0:037). Also, the average proportion of three-taxon identities in nonrepetitive intron sequence (total sequence analyzed minus all interspersed elements) was 29% (SD ¼ 12) for three-taxon blocks and 50% (SD ¼ 14) for pairwise blocks, no different than results using the total sequence.
To test the genomic uniqueness of conserved sequences, human sequence from conserved three-taxon blocks outside of GMREs was used to query human GenBank with MEGABLAST. The few matches found outside homologous genes generally had probabilities 0.05 of occurring by chance, indicating that nonrepetitive conserved intron sequences are unique in the genome, not represented at moderate frequency as expected if motifs were important for coregulation of several genes.
Discussion
Our analysis has uncovered an unexpectedly high degree of conservation in intron sequence, manifest by high levels of primary sequence identity and in the conserved spacing of gapless sequence blocks. To strengthen these sequence-based inferences, we compared intron sequences across three mammalian orders instead of relying on the standard two-taxon application of phylogenetic footprinting. With the comparison of three taxa in this study, the proportion of conserved sequence found between two taxa averaged 47%, and that among three taxa was 28%. The 40% reduction in conserved sequence among three versus two taxa suggests that pairwise results are inflated because either (1) a large fraction of sequence was conserved by chance or (2) a large proportion of functionally constrained intron sequence evolved in a lineage-biased manner. Our simulations show that moderate rates of substitution rate heterogeneity, expected to result in part from mutational processes, can explain much of the conserved sequence observed in pairwise and three-taxon comparisons under a strictly neutral model of sequence evolution without indels. As a result, blocks of noncoding sequence conserved over long divergence times do not necessarily indicate selective constraints, even when observed across more than two taxa. Nonetheless, our simulations indicate that typical levels of substitution rate heterogeneity in noncoding sequence can explain only about half of the intron conservation observed here. The ''excess'' sequence conservation, taken together with the finding of conserved spacing between some sequence blocks, strongly suggests that intron sequences are playing a larger functional role than previously realized. If 28% of intron sequence is evolutionarily constrained on average, as shown here, and if introns constitute 25% of the entire genome, this suggests that over 1/16 of the genome may be playing a hidden functional role.
Spatial Patterns of Conservation
Two kinds of spatial regularity were found in the pattern of sequence conservation across three mammalian taxa. First, the 59 and 39 ends of introns, adjacent to exons, were more highly conserved than the adjacent interior portion of introns. This pattern was observed on a sequence length scale too large to be explained solely by intron splice junctions that extend only 6 to 10 bp into the 59 and 39 ends of introns, or by the 39 branch site that involves 7 bp at a distance of 18-40 bp from the 39 end (Lewin 1997) . Also, stronger conservation of intron edges in this sample was not caused by repetitive elements, because levels of conservation were similar in repetitive and unique sequence (see also Jareborg, Birney, and Durbin 1999) .
These results corroborate a similar trend reported for human-mouse intron comparisons by Jareborg, Birney, and Durbin (1999) .
The second pattern of spatial conservation found in this study involved the spacing between conserved gapless blocks. Experimental studies have demonstrated that transcription factor binding sites are often co-localized within 59 regulatory regions (Wingender et al. 2001) and position effects occur between regulatory elements and transcriptional units (Willoughby, Vilalta, and Oshima 2000) . If indel positions are random, then over time, interblock intervals should diverge in size among taxa, particularly if indel rates are lineage-specific (Petrov et al. 2000) . Longer interblock intervals are expected to diverge faster than short intervals for a given indel rate. Chance convergence on similar interblock spacing, perhaps as a result of indels that ''cancel out,'' is much less likely in three-taxon comparisons than in two-taxon comparisons. Thus, the high degree of three-taxon interblock length conservation in ACTA2 and FGG suggests spatially coordinated functions among blocks. Alternative explanations are possible, but the paucity of data on rates and patterns of indel evolution make it difficult to construct meaningful tests (Saitou and Ueda 1994; Ludwig et al. 2000; Kim 2001 ).
Interspersed Repetitive Elements
Assuming that the interspersed nature of repetitive elements prevents homogenization by concerted evolution, most orthologous GMRE sequences are pseudogenes that should diverge between taxa at a neutral rate (Dermitzakis et al. 2002) . Phylogenetic footprinting provides a test of the null hypothesis that the degree of sequence conservation, and perhaps functional constraint, is equivalent in unique and GMRE noncoding DNA. This hypothesis could not be rejected for the introns studied here. Unique Table 3 Interblock Interval Lengths Conserved Between Three-Taxon Blocks in Human, Whale, and Seal and GMRE sequences in introns evolve similarly; either they are both evolving under selective constraints or they are both affected by neutral mechanisms preserving sequence similarity.
The Link Between Sequence Conservation and Function
Our simulations demonstrated that the amount of pairwise noncoding sequence conservation observed in most studies is expected to result from a random pattern of nucleotide substitution with moderate rate heterogeneity. Mutation rates are known to vary locally and be dependent on sequence context, such as the tendency for C to mutate to T in CpG dinucleotides (Nachman and Crowell 2000; Chen and Li 2001) . Spatial variation in selective constraints can also cause substitution rate heterogeneity, however. Distinguishing mutational and selective causes of rate heterogeneity will be much more challenging than measuring the degree and pattern of conservation. Progress will require more informed models of mutationally induced rate heterogeneity for substitutions and indels, perhaps achievable through studies of experimental evolution or pseudogene variation (Petrov 2002) . Ultimately, although computational methods can be used to demonstrate that conserved noncoding DNA is enriched for known transcription factor binding sites (Wasserman et al. 2000; Levy, Hannenhalli, and Workman 2001) , experimental approaches will be required to confirm the functional significance of particular blocks of conservation.
What functional roles are conserved introns likely to be playing? Recent estimates of the frequency of alternative splicing in the human genome indicate that more than 50% of genes have two or more alternatively spliced transcripts (International Human Genome Sequencing Consortium 2001), although most of this variation is probably due to exon skipping rather than facultative coding of intron sequences in different tissues (Croft et al. 2000) . Evidence for alternative splicing exists for only one intron studied here, ACTA2 ( fig. 1) . The strictly noncoding portion of the ACTA2 intron had 37% of sites in threetaxon blocks, whereas the facultatively coding portion was 49% conserved. This contrast suggests that if alternative splicing were responsible for much of the overall intron conservation, then the higher conservation of intron edge sequences would be more pronounced.
Despite the historical allusion to sites of DNA binding made by the term phylogenetic ''footprinting,'' transcription factor binding sites constitute only the most familiar possibility for regulatory function that can be revealed through sequence comparisons. For example, genes encoding nucleolar proteins contain various small nucleolar RNAs transcribed from their introns (Rebane et al. 1998; Rebane and Metspalu 1999) . The fact that introns are co-transcribed with their home exons make these noncoding sequences the most likely candidates for coordinated expression of trans-acting RNA factors that could modulate transcription or facilitate gene-to-gene interactions (Mattick and Gagen 2001) . Several studies have found similar levels of sequence conservation in intergenic versus intron sequence, however, indicating that the link between transcription and noncoding sequence function may be weak (Jareborg, Birney, and Durbin 1999; Shabalina and Kondrashov 1999; Bergman and Krietman 2001) .
Comparison with Other Studies
Several factors make it difficult to compare results from this sample of introns with previously reported patterns of noncoding sequence conservation. Most important, the various sequence alignment methods used can affect results (Bergman and Kreitman 2001) , and only Wasserman and colleagues (2000) used the powerful but computationally demanding Bayesian Block Aligner that we used here. Second, some previous studies examined a nonrandom sample, focusing on noncoding regions in genes with known tissue-specific regulation or with experimentally determined cis-regulatory activity (Wasserman et al. 2000; Bergman and Kreitman 2001) . Third, our small sample of introns may not be genomically representative because of limited chromosome sampling or other inadvertent biases. For example, the intron examined in CD40L is the first (furthest 59) intron in that gene, where a higher density of regulatory sequences often reside (Levy, Hannenhalli, and Workman 2001; Venter et al. 2001) . After removal of CD40L from this data set, the amount of sequence conservation was still very high, with proportions of identity in pairwise and three-taxon blocks averaging 45% (SD ¼ 0:11) and 25% (SD ¼ 0:09) of intron sequence length, respectively. Regardless of whether this small sample of introns proves to be genomically representative, our results indicate an extraordinary level of sequence conservation and presumed functional constraint in otherwise unremarkable and unstudied introns.
Implications and Conclusions
Evidence for widespread but variable evolutionary constraints in noncoding sequence has immediate repercussions for the use of these loci in population genetic and historical inferences made under the assumption of neutral evolution. Introns have been particularly attractive targets for analyses based on neutral theory because their positional homology within genes is phylogenetically conserved (Stoltzfus et al. 1997; Davidson et al. 2000) and flanking exons support the design of PCR primers (Palumbi 1996; Hare 2001) . If 30% of intron sequence positions are not free to vary on average, then substitution rate estimates may be altered severalfold (Palumbi 1989) . Moreover, substitution rates will vary dramatically from intron to intron, depending on the proportion of constrained sequence. Noncoding sequence constraints imply that some nucleotide substitutions in these regions will be slightly deleterious. Background selection against these variants is expected to reduce intraspecific intron variability below that expected for neutral nuclear sequences, disrupting coalescent predictions of the three-times rule (Palumbi, Cipriano, and Hare 2001) .
When seeking neutral variants for historical and evolutionary analyses, the most predictable source may not be in noncoding DNA, but rather in protein-coding regions. Synonymous sites are relatively neutral and are expected at a maximum frequency of 25% within protein-coding sequences (Li 1997) . Although introns are desirable markers because they have a higher density of silent sites on average (this study), the location of those sites is unpredictable without phylogenetic comparisons. Also, general patterns of nucleotide and indel substitution are relatively uncharacterized for noncoding DNA. Nonetheless, it may prove desirable to use phylogenetic footprinting to select noncoding DNA markers with relatively low selective constraints for use in historical analyses. Comparisons made here indicate that, for mammals, the seventh introns in ESD and G6PD are relatively free of selective constraints.
